Strongly enhanced lateral diffusion of photogenerated carriers was directly observed in the luminescent image of the InGaN / GaN quantum wells. Such an effect was quantitatively modeled using diffusion equation and the ambipolar diffusion coefficient derived by K. H. Gulden and his co-workers ͓Phys. Rev. Lett. 66, 373 ͑1991͔͒. Our simulation shows that the vertical piezoelectric field existing in strained InGaN / GaN quantum wells is the original "driving force" for the enhancement of lateral diffusion. Influence of the density of photogenerated carriers and their average mobility on the enhancement was discussed.
Strained InGaN / GaN quantum wells ͑QWs͒ play a critical role in newly developed GaN based short-wavelength light-emitting devices. 1 The current status in the study of GaN area is that the empirical development in light-emitting devices is advancing rapidly while the fundamental understanding on many issues of materials is struggling to catch up and even still poor.
2 One such issue poorly understood is the diffusion mechanism of photogenerated carriers in InGaN / GaN QW structures. Recently, Huang and his co-workers 3 reported an investigation on the lateral ambipolar diffusion in InGaN / GaN multiple QWs using optical transient transmission measurements. They observed a large ambipolar diffusion coefficient in the structures and attributed this enhancement to the existence of strong piezoelectric field in the structures. They also found that the lateral ambipolar diffusion coefficient increases with increasing the InGaN well width. These behaviors observed in the InGaN / GaN QWs are very interesting and need to be quantitatively understood. In this letter we give a direct luminescent image evidence of the enhanced diffusion of photogenerated carriers in InGaN / GaN QWs and attempt to quantitatively simulate the phenomenon using diffusion equation and an analytical expression of the ambipolar diffusion coefficient derived by Gulden et al. 4 The simulation results clearly demonstrate the original and central role of the piezoelectric field in the enhanced lateral diffusion of photogenerated carriers in the structures. The results also reveal that the density of photogenerated carriers and their average mobility have important influence on the enhanced lateral diffusion.
The InGaN / GaN QWs samples employed in the study were grown on sapphire with metalorganic vapor phase epitaxy. The typical growth sequence of the samples is 30 nm GaN nucleation layer grown at 500°C, 1500 nm GaN buffer at 1050°C, four periods of InGaN / GaN QWs at 740°C, and 20 nm GaN cap layer at 740°C. The experimental data of two representative samples 1622 and 1323 was reported in the work. Sample 1622 has 2-nm-thick wells and 12-nm-thick barriers while sample 1323 has 3.4-nm-thick wells and 3-nm-thick barriers. The photoluminescence spectroscopy system used in the study has been described previously. 5 Figure 1 shows digital images of light emission from samples 1622 and 1323 at 5 K. We also took the digital luminescent images of the samples at room temperature. Very similar images were obtained ͑not shown here͒. The central white circular regions in the two images in Fig. 1 are the laser spots on the surface of samples while the turquoise areas surrounding the central excitation spots and the green or blue edge loops are the emission areas. In the laser excitation spots, the intensities of the luminescence signals are basically constants along their radial directions due to the uniform generation of the photogenerated carriers in these regions. It is clear that the light emission areas are much larger than the excitation spots. This unambiguously indicates that the strong lateral diffusion of photogenerated carriers takes place. It should be noted that the enlarged luminescent area strongly indicates the nature of ambipolar diffusion. In other words, both electrons and holes simultaneously diffuse due to the Coulomb attraction between both particles with opposite electrical charge. As pointed out by Yairi cal separation of the photogenerated carriers due to the vertical built-in or externally applied electric field in semiconductor p-i-n or n-i-p-i structures results in the giant lateral diffusion. It is obvious that the strained InGaN / GaN QW structures possess the necessary conditions, i.e., the built-in strong piezoelectric field 7, 8 and efficient screening effect of photogenerated carriers on the piezoelectric field, 9 for appearance of the giant lateral ambipolar diffusion. As shown in Fig. 1 , the strong enhancement of lateral diffusion of photogenerated carriers was indeed observed in InGaN / GaN QWs. The corresponding photoluminescence ͑PL͒ spectra of two samples were depicted in Fig. 2 .
When InGaN / GaN QWs are optically excited with a beam of He-Cd 325 nm laser, the incident photons are absorbed in the QW region and excess electrons and holes are created. These photogenerated carriers will be vertically separated by the vertical piezoelectric field E P induced by strain. The separated carriers will produce a net field E S to screen the piezoelectric field. In the region where no incident light illuminated, the difference between the electron and hole quasi-Fermi levels, np is determined by the vertical piezoelectric field E P . On the other hand, in the light excitation region where the incident light is absorbed, the vertically separated carriers screen the piezoelectric field E P . As a result, np changes significantly because it is an approximately linear function of the separated photogenerated carrier density. 6 Moreover, it has a lateral dependence due to the lateral intensity variation of the incident light beam. The resulting lateral gradients of both the electron and hole quasiFermi level, n and p , produce electric fields in the top and bottom layers. These fields push both electrons and holes laterally away and make enhanced diffusion possible. In the following equations, the subscripts of n and p refer to electron and hole, respectively. The symbols of j, e, n, p,
and L Q represent current density, the electronic charge, electron density, hole density, ambipolar diffusion coefficient, electron mobility, hole mobility, thickness of the electrically charged layer due to the existence of the strong piezoelectric field, and total thickness of the quantum wells including the barrier layers, respectively. The ambipolar diffusion coefficient D am is defined by
Actually, the above equation also reflects such a fact that no net electrical current generates in the structures. As mentioned earlier, an analytical expression of the ambipolar diffusion coefficient D am was derived as follows:
where n = n n e is electron conductivity and p = p p e hole conductivity. From expression ͑2͒, it can be seen that the ambipolar diffusion coefficient depends directly on how fast the energy difference is between the electron and hole quasiFermi levels with the density of separated photogenerated carriers. Once the quantity ‫ץ‬ np / ‫ץ‬n is known the ambipolar diffusion coefficient D am can be obtained. The energy difference between the quasi-Fermi levels of electrons and holes has an approximated linear relationship with the screening electric field of photogenerated carriers. 10 That is, np Ϸ E S L Q e.
For the strained InGaN / GaN QW structures optically illuminated, the net vertical electric field E in the QW regions is given by E P − E S and can be calculated from numerically solving Poisson's equation. 9 Here we adopt an analytical expression of E S derived by Poole et al. 10 to calculate np and then ‫ץ‬ np / ‫ץ‬n. Their expressions are given as follows:
where r and 0 are the relative dielectric constant of the InGaN and the permittivity of vacuum, respectively. The diffusion equation describing the steady-state distribution of photogenerated carriers in InGaN / GaN QWs can be written as
where is the lifetime of photogenerated carriers. Because the lateral distribution of the photogenerated carriers is only concerned in the present work Eq. ͑6͒ can be simplified. Furthermore, in the derivation of the ambipolar diffusion coefficient, 4, 6 it was assumed that the photogenerated electrons and holes have already separated in the vertical direction across the intrinsic region of the p-i-n structures. Therefore, n and p are functions of just the lateral dimensions ͑ , ͒. Here and represent in-plane radial distance and 
In the numerical calculation of Eq. ͑7͒, the finite difference method was employed. The boundary conditions used were n͑͒ = 1.0 ϫ 10 17 cm −3 at 0 ഛ ഛ 0.01 cm; n͑͒ = 0 at = ϱ. Figure 3 depicts the calculated in-plane radial distribution of photogenerated carriers in InGaN / GaN QWs structure. The parameters adopted in the calculation were listed in Table I . Clearly, the distribution area of photogenerated carriers is much larger than that of the excitation spot ͑just central white region͒. Here we defined the diffusion radius as the distance from the center to the edge where the density of carrier decreases to zero after a steady state builds up. Obviously, the calculated results are in good agreement with the experimental data shown in Fig. 1 . The influence of photogenerated carrier density and average mobility ͓defined as n p / ͑ n + p ͔͒ on the enhanced diffusion was also examined. Figure 4 shows the calculated diffusion radius of photogenerated carriers in InGaN / GaN QWs versus the average mobility of carriers. It can be seen that the diffusion radius superlinearly increases with increasing the average mobility. As expected, the larger the photogenerated carrier density the longer the in-plane diffusion radius. Substituting Eq. ͑5͒ into Eq. ͑2͒ yields D am ϰ ͑nL Q ͒, which can theoretically interpret behaviors observed by Huang and his co-workers. 3 We also note that there is a possibility that the photogenerated carrier density in Huang's case may greatly differ from our case. In Huang's experiment, the frequency-doubled Ti:sapphire pulse laser was used to excite the samples and this could lead to much higher carrier density.
It is worth mentioning that in the calculations the inplane diffusion of photogenerated carriers is assumed to be isotropic. However, the in-plane diffusion may be anisotropic, as shown in Fig. 1 . If the mobility of carriers in InGaN / GaN QWs with hexagonal crystalline structure is an anisotropic quantity, the diffusion radius of photogenerated carriers is certainly direction dependent. Another point we want to point out is that the strongly enhanced lateral diffusion of carriers may dramatically affect the performance of InGaN / GaN light-emitting devices with a small mesa structure, such as, it may lead to a bottleneck effect on the devices' output power. The effect of enhanced lateral diffusion of photogenerated carriers in quantum structure itself is very interesting issue. The finding and confirmation of the effect in InGaN / GaN QW structures may make them have important potential applications. Moreover, studying this effect also offers a good opportunity to enhance understanding of carrier dynamics in InGaN / GaN QW structures.
In conclusion, strongly enhanced lateral diffusion of photogenerated carriers in InGaN / GaN QWs was certainly confirmed from the luminescent images. Theoretical simulation to the enhanced diffusion effect was presented. The calculated results quantitatively agree with the experimental data. It is shown that the lateral gradient of photogenerated carriers vertically separated by the piezoelectric field causes a lateral electrical field and then results in an enhancement of the lateral diffusion coefficient. The strongly enhanced lateral diffusion effect in InGaN / GaN QWs may have potential applications. At the same time, it might significantly affect the optical and even electrical characteristics of InGaN / GaN QWs light-emitting devices. 
